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MitosisPhosphorylated H2AX is considered to be a biomarker for DNA double-strand breaks (DSB), but
recent evidence suggests that cH2AX does not always indicate the presence of DSB. Here we demon-
strate the bimodal dynamic of H2AX phosphorylation induced by ionizing radiation, with the second
peak appearing when G2/M arrest is induced. An increased level of cH2AX occurred in mitotic cells,
and this increase was attenuated by DNA-PKcs inactivation or Chk2 depletion, but not by ATM inhi-
bition. The phosphorylation-mimic CHK2-T68D abrogated the attenuation of mitotic cH2AX induced
by DNA-PKcs inactivation. Thus, the DNA-PKcs/CHK2 pathway mediates the mitotic phosphorylation
of H2AX in the absence of DNA damage.
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
DNA double-strand breaks (DSBs) are the most dangerous type
of DNA damage, as even a single unrepaired DSB can result in cell
death [1,2]. DSBs can be repaired through the homologous recom-
bination (HR) or non-homologous end joining (NHEJ) pathways
[1,3]. One of the earliest events in the cellular response to DSBs
is the phosphorylation of H2AX at Ser139, which is referred to as
cH2AX [4]. H2AX is a member of the histone protein H2A family;
the other two members are H2A1-H2A2 and H2AZ [5]. cH2AX foci
formation at DSB sites occurs rapidly (within minutes) and is
highly conserved from yeast to humans [6]. cH2AX can recruit
other DSB signaling and repair factors such as MDC1, 53BP1 and
the MRN complex to the damage site, forming nuclear ionizing
radiation-induced foci (IRIF) [7–9]. Silencing H2AX increases
radiosensitivity and interferes with the recruitment of DNA
damage response proteins to the damage sites [10].The phosphorylation of H2AX in response to DSBs is mediated
by PIKK family proteins, which are characterized by the SQ/TQ mo-
tif. The members of the PIKK family include ataxia telangiectasia
mutated (ATM), ataxia telangiectasia and rad3 related (ATR) and
DNA dependent protein kinase catalytic subunit (DNA-PKcs).
ATM and DNA-PKcs participate in the DSB signaling cascade, and
both have been reported to phosphorylate H2AX [11,12]. ATR
phosphorylates H2AX during replication fork blockage induced
by UV exposure [13]. Thus, all of the PIKK family members contrib-
ute to the phosphorylation of H2AX in response to DSBs induced by
ionizing radiation [14]. Although ATM is considered to be the
major kinase responsible for H2AX phosphorylation during the
DSB response, the recruitment and activation of ATM itself requires
cH2AX [15], which could partially explain how cH2AX contributes
to cell cycle arrest in response to DNA damage [16].
Due to the fact that cH2AX appears early and forms foci at dam-
age sites, it is widely considered to be a sensitive biomarker for IR-
induced DSBs [17]. However, cH2AX does not always indicate the
presence of DSBs, and there is increasing evidence that calls into
question the interpretation of cH2AX involvement in DSBs [18].
For instance, H2AX phosphorylation is also induced by UV radia-
tion [18,19]. Serum starvation, which does not cause DNA damage,
can induce the phosphorylation of H2AX through the p38 MAPK
signaling pathway, which is closely associated with the induction
of apoptosis [20]. Moreover, H2AX can be phosphorylated in
3438 W.-Z. Tu et al. / FEBS Letters 587 (2013) 3437–3443mitotic cells in the absence of DNA damage [11,21], and forms nu-
clear foci that do not recruit DNA damage response proteins [21].
This cell cycle-speciﬁc phosphorylation of H2AX suggests that a
decrease in cH2AX levels may not accurately reﬂect DSB repair
efﬁciency, because DSBs induce cell cycle arrest. However, little
is known about the regulation of cH2AX in association with cell
cycle progression.
The goal of the present study was to increase our understanding
of mitotic H2AX phosphorylation. We found that DNA-PKcs, but
not ATM, is responsible for the mitotic phosphorylation of H2AX
in the absence of DNA damage, and that the cell cycle checkpoint
protein 2 (CHK2) directly mediates this process. CHK2 was phos-
phorylated in a DNA-PKcs-dependent manner and was essential
for H2AX phosphorylation. Our results show that the DNA-PKcs/
Chk2 pathway is involved in mitotic H2AX phosphorylation.A
B
C
Fig. 1. Bimodal pattern of H2AX phosphorylation after treatment with a high dose of ion
(B) c-rays. The cells were collected and ﬁxed at the indicated time points after irradiatio
Data are presented as mean ± S.D. from three independent experiments. (D) The proporti
ﬂow cytometric analysis.2. Materials and methods
2.1. Cell culture
HeLa cells were maintained in DMEM (HyClone) supplemented
with 10% fetal bovine serum (HyClone). HeLa cell lines over-
expressing CHK2 were generated by transfecting with HeLa cells
with wild-type and mutated chk2-expressing vectors. Meanwhile,
a Chk2 knock-down HeLa cell line was generated by transfecting
HeLa cells with a chk2 shRNA-expressing vector and selecting with
Hygromycin B. To arrest cells in mitosis, 100 ng/ml nocodazole
(M1404-2MG, Sigma) was added to the cell culture medium for
16 h. The cells were treated with 10 lM NU7026 (N1537, Sigma)
or 10 lM KU55933 (S1092, Selleck) for 2 h to inhibit the PIKK
activity of DNA-PKcs and ATM, respectively.D
izing radiation. (A, B) cH2AX foci in HeLa cells after irradiation with 1 Gy (A) or 4 Gy
n. (C) The dynamics of cH2AX foci formation after irradiation as shown in (A) & (B).
on of of G2/M cells after treatment with 1 Gy or 4 Gy of irradiation, as measured by
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The antibodies against DNA-PKcs (H-163, sc-9051), PLK1 (E-2,
sc-55504), CCNB1 (GNS1, sc-245), Ku80 (H-300, sc-9034), and
b-actin (C4, sc-47778) were purchased from Santa Cruz Biotech-
nology. The antibodies against p-Chk2-T68 (C13C1, #2197) and
CHK2 (#2662) were purchased from Cell Signaling Technology.
The cH2AX (Ser 139) (JBW301, #05-636) antibody was purchased
from Millipore. The DNA-PKcs p2056 (ab18192) antibody was pur-
chased from Abcam.
For the immunoblotting (western blotting) analyses, the cells
pellets were treated with lysis buffer, and the total protein was iso-
lated. The proteins (50 lg) were resolved by SDS–PAGE and then
transferred to a nitrocellulose (NC) membrane for immunoblotting
analysis.
2.3. Microscopy imaging of immunoﬂuorescence staining
The cells were grown on poly-D-lysine-coated culture slides (BD
Pharmingen), washed in PBS, ﬁxed in 4% paraformaldehyde/PBS for
30 min, permeabilized in 0.5% Triton X-100/PBS for 15 min, and
blocked in blocking buffer (1% bovine serum albumin in PBS) for
30 min, as described previously [22]. Immunostaining was per-
formed using an anti-cH2AX antibody for 2 h at room temperature
in a humidiﬁed chamber. After three 10 min washes, the cells were
incubated with the secondary antibody. The DNA was stained
using a mounting medium with 40,6-diamidino-2-phenylindole
(DAPI, Sigma). Confocal immunoﬂuorescence microscopy imaging
was performed using an LSM 510 laser-scanning confocal micro-
scope (Zeiss). The cH2AX foci were counted. Three independent
experiments were performed.A
B
Fig. 2. Detection of DNA double-strand breaks (DSB) by neutral gel electrophoresis (com
unirradiated control. (B) The repair kinetics of 4 Gy-induced DNA DSBs, which were ex
deviation from three experiments, and more than 50 comets were analyzed in each exp
different times of treatment with 100 ng/ml nocodazole. The data (Olive tail moments)2.4. Flow cytometric analysis of the cell cycle
The detailed protocol is described in the online Supplemental
data.
2.5. shRNA, plasmid construction and transfection
The shRNA oligonucleotide targeting Chk2 (50-GAACCUGAG
GACCAAGAAC-30) was synthesized as described previously [23]
and inserted into the BamHI and BbsI sites of the pGPU6/Hygro
expression vector (GenePharma). For the negative control, a
nonsense shRNA sequence was purchased from GenePharma
(50-TTCTCCGAACGTGTCACGT-30). All construct sequences were
veriﬁed before use. The wild-type and mutated Chk2 plasmids
and transfection methods are described in the online Supplemental
data.
3. Results
3.1. Bimodal dynamics of H2AX phosphorylation in cells exposed to a
high dose of ionizing radiation
To investigate the dynamics of H2AX phosphorylation post-ion-
izing radiation (IR), HeLa cells were irradiated with 1 Gy (low dose)
or 4 Gy (high dose). As shown in Fig. 1(A,C), the number of cH2AX
foci reached a peak at 30 min post-IR and then decreased gradually
in cells exposed to 1 Gy (low dose). When the cells were irradiated
with 4 Gy (high dose), the number of cH2AX foci reached a peak at
1 h and then declined. However, a second peak appeared at about
8 h post-IR in the cells irradiated with 4 Gy (Fig. 1B, C). Neutral sin-
gle cell gel electrophoresis demonstrated that the DNA DSBs hadC
et) assay. (A) The comet images of HeLa cells at given times after 4 Gy irradiation or
pressed as the comets Olive tail moments. The data are the means and standard
eriment. (C) The yield of DNA DSBs were detected by comet assay in HeLa cells at
are the means and standard deviation from three experiments.
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fore, the second cH2AX peak was most likely attributable to some
other cellular response to IR other than DSBs. Flow cytometric
analysis clearly showed the induction of G2/M mitotic arrest 8 h
after the administration of 4 Gy of irradiation (Fig. 1D), while very
few cells were arrested in the G2/M phase in the 1 Gy-irradiated
cells. Therefore, we hypothesized that the second cH2AX peak
may be associated with the G2/M mitotic arrest.
3.2. Mitotic phosphorylation of H2AX
Although it has been suggested that cH2AX is required for G2/M
arrest induced by IR [24], the connection between cH2AX level and
normal G2/M progression has not been well-documented. In addi-
tion, cH2AX has been reported during mitosis in the absence of
DNA damage [11,21]. We hypothesized that the second peak of
cH2AX at 8 h post-4 Gy irradiation could be due to the increased
population of mitotic cells. We therefore synchronized the mitotic
phase of HeLa cells using nocodazole and determined the change in
cH2AX levels. As shown in Fig. 3A and B, the number of mitotic
cells increased steadily and reached a peak at 16 h post-nocodazole
(noc) treatment. Although there was no yield of DNA DSB after
nocodazole treatment (Fig. 2C), the immunoblotting analysis
showed that the level of cH2AX increased markedly in the syn-
chronized mitotic cells, along with the appearance of the mitotic
regulatory protein PLK1 (Fig. 3B). Consistent with this, the cH2AX
level decreased sharply when the nocodazole block was removed
(Fig. 3C). In addition, the level of the mitosis regulatory protein
CCNB1 also declined, but declined relatively slowly. A portion ofA
B
D E
Fig. 3. Mitotic phosphorylation of H2AX. (A) The cell cycle distribution at the indicated ti
were detected by immunoblotting analysis in the cells at the indicated time points post-
cH2AX and CCNB1 proteins detected by immunoblotting analysis in the cells at the indica
was detected in cells mitotically arrested by treatment with 100 ng/ml nocodazole for 16
cell after nocodazole treatment for 0–24 h.the cells exhibited cH2AX foci after nocodazole treatment for
16 h (Fig. 3D) and 24 h (Fig. 3E), and the percentage of the cells
with more than 5 cH2AX foci per cell was shown in Fig. 3F. The
abundant cH2AX foci were also demonstrated in some cells (red
square box in Fig. 3D), which is consistent with a previous report
[21].
3.3. DNA-PKcs contributes to the mitotic phosphorylation of H2AX
To identify the kinases contributing to the mitotic phosphoryla-
tion of H2AX, we used speciﬁc inhibitors targeting different PIKK
family members. As shown in Fig. 4A, KU55933, a speciﬁc inhibitor
of ATM, had little effect on the phosphorylation of H2AX in noco-
dazole-synchronized cells. However, the DNA-PKcs speciﬁc inhibi-
tor NU7026 largely attenuated the H2AX phosphorylation (Fig. 4A,
compare lane 4 with lane 2). The effect of NU7026 was further ana-
lyzed in the ATM-deﬁcient cell lineAT5BIVA. The level of cH2AX
also increased in AT5BIVA cells after nocodazole treatment, and
this effect was inhibited by NU7026 (Fig. 4B). A decreased mitotic
cH2AX induced by nocodazole was also observed in the DNA-PKcs
depressed cells mediated by speciﬁc shRNA (Fig. 4C). Interestingly,
we also observed a similar pattern of CHK2 Thr68 phosphorylation
(Fig. 4C and D). Both KU55933 and NU7026 inhibited CHK2 phos-
phorylation (Fig. 4D), but inactivation of DNA-PKcs had a stronger
effect than inactivation of ATM on CHK2 phosphorylation in mito-
tic cells. As shown in Fig. 4E, CHK2 phosphorylation is clearly in-
duced by nocodazole in ATM-deﬁcient AT5BIVA cells, and this
effect is almost entirely eliminated by the DNA-PKcs inhibitor
NU7026.C
F
me points after treatment with 100 ng/ml nocodazole. (B) cH2AX and PLK1 proteins
nocodazole treatment. The proportion of G2/M cells populations was also given. (C)
ted time points after releasing from the mitotic arrest. (D), (E) cH2AX foci formation
h and 24 h, respectively. (F) The percntage of cells with more than 5 cH2AX foci per
A B
DC
E
Fig. 4. DNA-PKcs regulates the mitotic phosphorylation of H2AX. (A, D) HeLa cells were treated with 100 ng/ml nocodazole for 14 h, and then DMSO (control) or NU7026 and/
or KU55933 was added to the medium for another 2 h. Cells were collected for immunoblotting analysis of the indicated proteins. (B, E) ATM-deﬁcient AT5BIVA cells were
synchronized by nocodazole and treated with NU7026 or left untreated. cH2AX, CHK2, p-CHK2-T68 were detected by immunoblotting. (C) shRNA-mediated DNA-PKcs
depleted HeLa cells (DPKcs-shRNA) and the control HeLa cells (control-shRNA) were synchronized by treated with nocodazole for 16 h or left untreated. cH2AX, p-CHK2-T68
were detected by immunoblotting.
A
B
C
Fig. 5. CHK2 is essential for mitotic H2AX phosphorylation. (A) A stable Chk2
knock-down HeLa cell line (HeLaChk2-shRNA) was generated by transfection with a
Chk2 shRNA expression vector and selection with hygromycin B. (B) Chk2-depleted
HeLa cells and the control cells were synchronized with nocodazole and further
treated with the DNA-PKcs inhibitor NU7026 and/or the ATM inhibitor NU55933.
cH2AX was detected by immunoblotting. (C) Wild type or mutant (T68A) Chk2 was
expressed in Chk2-depleted cells, and H2AX phosphorylation was detected by
immunoblotting analysis.
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by DNA-PKcs
CHK2 is a substrate of both ATM and DNA-PKcs, and functions
in cell cycle arrest upon DNA damage [25] as well as in normal
mitosis progression [26]. We used an shRNA approach to generate
a stable Chk2 knock-down HeLa cell line (Fig. 5A). When CHK2 was
depleted (HeLachk2-shRNA), we observed very low levels of cH2AX in
synchronized mitotic cells (Fig. 5B). To further conﬁrm this result,
plasmids expressing an siRNA-resistant or an inactive form (T68A)
of CHK2 were transfected into chk2-depleted HeLachk2-shRNA cells.
As shown in Fig. 5C, wild-type chk2 effectively increased the
cH2AX level, while the inactive form did not.
We did not detect cH2AX in asynchronized cells, and expres-
sion of either wild-type chk2 or the phosphorylation-mimic
chk2-T68D (active form) did not activate the H2AX phosphoryla-
tion in this population (Fig. 6, lane 1 to lane 3). As expected, an in-
crease in cH2AX levels was detected in the nocodazole-
synchronized cells, and this effect was largely attenuated by treat-
ment with the DNA-PKcs inhibitor NU7026 (Fig. 6, lane 10), but not
the ATM inhibitor NU55933 (Fig. 6, lane 7). Most importantly, the
active phosphorylation-mimic Chk2-T68D (Fig. 6, lane 12), but not
wild type chk2 (Chk2-WT), (Fig. 6, lane 11) effectively abrogated
the NU7026-mediated attenuation of mitotic cH2AX. This is most
likely due to the fact that CHK2–WT could not be activated when
DNA-PKcs was inactivated in the mitotic cells. CHK2-T68D also in-
creased the cH2AX level in mitotic cells depleted of DNA-PKcs
(data not shown). Together with the observation of DNA-PKcs
phosphorylation (S2056) in mitotic cells (Fig. 4C), our results sug-
gest that H2AX phosphorylation during mitosis is dependent on
the DNA-PKcs / CHK2 pathway.
Fig. 6. The effect of CHK2-pT68 on the mitotic phosphorylation of H2AX, and
regulation by PIKK family members. HeLa cells were transfected with empty vector
or a plasmid expressing wild type Chk2 or the phosphorylation mimic Chk2-T68D.
At 36 h post transfection, the cells were synchronized with nocodazole for 14 h,
then DMSO or 10 lM KU55933 or NU7026 was added to the medium for another
2 h, and the cells were collected for cH2AX detection by immunoblotting.
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The phosphorylation of H2AX at Ser139 is a critical event in the
series of early responses to IR-induced DNA double-strand breaks
[27]. Because of its early appearance and essential role in the
DSB response, cH2AX is considered to be a sensitive biomarker
for DSBs. In the present study, we demonstrate that H2AX phos-
phorylation also occurs during cell cycle progression, and that
cH2AX levels increase when cells enter the M phase. The second
peak in cH2AX levels after a high dose of irradiation could be
attributed to the mitotic arrest. A similar observation was men-
tioned in a previous report [21], and it was suggested that this mi-
totic phosphorylation of H2AX was ATM-dependent. However, we
have shown that DNA-PKcs, not ATM, is the major PIKK family ki-
nase responsible for the mitotic phosphorylation of H2AX.
KU55933, a speciﬁc chemical inhibitor of ATM, failed to inhibit
H2AX phosphorylation in mitotic cells, while the DNA-PKcs spe-
ciﬁc inhibitor NU7026 signiﬁcantly attenuated the mitotic cH2AX
level. The decrease in mitotic cH2AX was further conﬁrmed in
DNA-PKcs knock-down cells.Fig. 7. Schematic showing the regulation of H2AX phosphorylation and dephosphorylati
ATM is activated, resulting in the phosphorylation of H2AX. Upon DSB induction by ionizi
During mitotic progression, DNA-PKcs is activated and activates CHK2, which in turn med
through the p38 MAPK signaling pathway. Multiple protein phosphatases mediate th
members.Although DNA-PKcs was known to be involved in the mitotic
phosphorylation of H2AX, it was unclear whether DNA-PKcs phos-
phorylates H2AX directly or through another kinase. Our results
show that the cell cycle checkpoint protein CHK2 functions down-
stream of DNA-PKcs. Recently, CHK2 has also been reported to
localize at centrosomes and play a role in normal mitotic progres-
sion through regulating the assembly of the spindle [23,26,28].
Here we show that CHK2 is phosphorylated at Thr68 in a DNA-
PKcs-dependent manner during normal cell cycle progression,
and has a similar phosphorylation pattern as cH2AX in mitotic
cells. These results are consistent with a recent report that showed
that CHK2 phosphorylation in response to IR is impaired in cells
with a defective DNA-PKcs, or in the presence of a DNA-PKcs inhib-
itor in certain cell lines [29].
Silencing CHK2 signiﬁcantly impacts the mitotic phosphoryla-
tion of H2AX. The role of CHK2 was further conﬁrmed using
mutants that prevent (T68A) or mimic (T68D) Thr68 phosphoryla-
tion. The phosphorylation-mimic CHK2-T68D abrogated the
repression of H2AX phosphorylation by NU7026, and overexpres-
sion of WT, but not T68A, in a stable CHK2 knockdown cell line
increases cH2AX levels post-nocodazole treatment. Taken to-
gether, these data demonstrate an essential role for CHK2 in
mediating the mitotic phosphorylation of H2AX.
In mammalian cells, H2AX phosphorylation is regulated by
multiple pathways (Fig. 7), including phosphorylation by PIKK
family kinases and dephosphorylation by protein phosphatases
including PP2A, PP4, PP6 and WIP1. Protein phosphatase 2A
(PP2A) was the ﬁrst cH2AX dephosphorylating agent to be identi-
ﬁed [30,31], and inhibition or silencing of PP2A leads to cH2AX foci
persistence and defects in DNA repair. PP2A is a member of a fam-
ily of protein phosphatases composed of multiple catalytic sub-
units and regulatory subunits [31]. B56, the regulatory B subunit
of PP2A, is directly phosphorylated by ATM, generating B56c3,
B56c2 and B56d, which results in the formation of the B56c3-
PP2A complex [32]. Inhibition of ATM by KU55933 could resulton. In response to UV radiation-induced replication folk blockage (RFB), ATR and/or
ng radiation, both the activated ATM and DNA-PKcs mediate H2AX phosphorylation.
iates H2AX phosphorylation. Serum starvation induces the phosphorylation of H2AX
e dephosphorylation of cH2AX, which may also be regulated by the PIKK family
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set its effect of phosphorylating H2AX. However, this would be a
very complex regulatory system for the protein phosphatases.
PP4 is another protein phosphatase that dephosphorylates cH2AX
and is implicated in DNA damage response [31,33,34]. A recent re-
port indicated that the coiled coil domain-containing 6 (CCDC6)
protein can interact with and negatively regulate the activity of
the catalytic subunit of PP4 (PP4c). Depletion of CCDC6 decreased
cH2AX levels due to an accelerated rate of dephosphorylation [35].
ATM mediates the phosphorylation of CCDC6 at Thr434, which
inhibits the FBXW6-CCDC6 interaction and FBXW7-mediated
CCDC6 degradation [36]. Therefore, the PIKK family members
could exert a composite regulatory effect on the activity of protein
phosphatase family members.
In conclusion, we report the cell cycle-dependent phosphoryla-
tion of H2AX in the absence of DNA damage and show that DNA-
PKcs and CHK2 are two important kinases involved in this process
(Fig. 7). Activated CHK2 directly mediates the mitotic phosphoryla-
tion of H2AX. Based on our results, we suggest that studies using
cH2AX as a biomarker for the repair kinetics of IR-induced DNA
DSBs should be interpreted with caution.
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